Diastolic pulmonary valve pressure gradient (PVPG) is a hemodynamic variable that contributes to the management of patients with cardiovascular and pulmonary conditions[@b1][@b2][@b3]. It can be used to evaluate the pulmonary artery diastolic pressure in patients with pulmonary hypertension and to predict heart failure hospitalization or cardiovascular death among ambulatory adults with coronary artery disease[@b1][@b4], and has been proven to be an independent marker of cardiac dysfunction[@b5]. Also, diastolic PVPG is an important variable in deciding the left ventricular end-diastolic pressure when the pulmonary vascular resistance is normal[@b6]. The standard measurement of PVPG is via the cardiac cathether, which is invasive[@b7].

Doppler echocardiography has significantly impacted clinical medicine by its ability to determine intracardiac hemodynamics noninvasively[@b8][@b9][@b10][@b11]. With the advent of the modified Bernoulli equation, Doppler echocardiographic techniques have allowed noninvasive estimation of PVPG, but under the limited condition of pulmonary regurgitation (PR)[@b1][@b12].

Respiratory efforts, such as the Valsalva maneuver and the Muller maneuver, modulate intracardiac pressure via heart-lung interactions[@b13][@b14][@b15]. The Muller maneuver is performed by forcibly inspiring while the nose is held closed and the mouth sealed for about 10 seconds. It causes intrathoracic pressure (ITP) to decrease with no lung volume change[@b16]. In searching for alternative strategies for noninvasive intracardiac pressure measurement, we considered mechanical heart-lung interactions to approach this problem[@b17][@b18][@b19].

As has been described before[@b20], anatomically, despite of its complexity, the circulatory system can be regarded hydromechanically as two enclosed fluid systems which are connected sequentially ([Fig. 1](#f1){ref-type="fig"}). Based on Pascal's law, the ITP change during a gradual Muller maneuver may be transmitted without loss to all areas within the chest, including the fluid (blood) and soft tissues, which we assumed were incompressible. The fully-intrathoracic fluid, the dark portion in [Fig. 1](#f1){ref-type="fig"}, is an enclosed fluid within the thoracic chamber; therefore, the ITP change may be transmitted to it. On the contrary, changes in ITP affect only the intrathoracic portion of the partially-intrathoracic fluid, the white portion in [Fig. 1](#f1){ref-type="fig"}. With inspiration or the Muller maneuver, the right ventricular pressure decrease will be mostly compensated by venous return from the peripheral veins. Thus, the pressure in the right ventricle is not obviously decreased. In addition, the increased right ventricular stroke volume during ITP decrease rarely affects the pulmonary arterial diastolic pressure[@b21]. The unique anatomic arrangement of the two enclosed fluids establishes the conditions for an interesting hemodynamic phenomenon in the body. The change of ITP has very different influence on the two enclosed fluids. It equally decreases the pressure in the full-intrathoracic fluid that includes the pressure above the pulmonary valve (PV), but does not decrease the pressure below PV as this part belongs to the partially-intrathoracic fluid. That is the mechanism for the Muller maneuver to make PV to be opened in diastole. Normally, PV is closed during diastole since a positive pulmonary pressure is applied above the valve. To prematurely open PV in diastole, an ITP decrease has to be generated that is equal to PVPG. Since the ITP decrease equals the PVPG at the moment of pulmonary valve premature opening (PVPO) during the Muller maneuver (quantifiable by the intrapulmonary pressure measurement device)[@b18], PVPG is obtained.

Based on the preceding analysis of ITP effects on hemodynamics, we found that a progressive Muller maneuver would elicit PVPO in diastole when the pulmonary artery pressure was at or below right ventricular pressure, and that this event would be detectable by Doppler echocardiography. The ITP decrease during this maneuver equals PVPG, which may be quantified with a custom airway pressure measurement device. Thus, PVPO provides a noninvasive method of quantification of pressure gradient across the pulmonary valve.

The purpose of this study was to test this new approach for noninvasive determination of PVPG by measuring the pressure at the time of PVPO using a device that permits quantification of ITP decrease during the Muller maneuver.

Methods
=======

The study complies with the Declaration of Helsinki and has been approved by the university Human Subjects Ethics Committee, and each subject provided an informed written consent.

Subjects
--------

One hundred and two subjects (52 women, 50 men; ages 14 to 73; mean age 39 years) were recruited for the present study, including 38 patients and 64 healthy subjects. Baseline characteristics were provided in [Table 1](#t1){ref-type="table"}. All subjects were instructed to perform standard Muller maneuver and those who failed were excluded from the study. All subjects were in sinus rhythm.

Study groups
------------

The PVPG of all 102 subjects was measured using the newly proposed technique -- PVPO method. PVPG by invasive catheterization method (Catheterization method) was acquired in 43 of the 102 subjects for clinical reasons (including 5 healthy subjects with suspected peripheral vascular diseases). The patient selection and the data of catheterization were limited in this study as the university Human Subjects Ethics Committee does not permit using an invasive procedure on subjects only for research purpose. In this study, we might only have the subjects, the patients from cardiology division of our hospital, who clinically need pulmonary artery catheterization for their disease related hemodynamic data. Therefore, the pulmonary pressures of the patients included in this study were at random. PVPG by PR method was measured in the other 59 subjects during echocardiographic examination. The patients' selection of this group was consecutive if their PRs were clear enough for the pressure gradient calculation.

Devices and instruments
-----------------------

### Intrapulmonary pressure measurement device

This device was purposely constructed to measure the intrapulmonary negative pressure generated by the Muller maneuver that has been previously described[@b18]. Similar customized devices have been widely used to quantify the intrathoracic pressure change caused by Muller or Valsalva maneuver[@b16][@b22][@b23]. As there are nearly no changes in lung volume during the Muller maneuver, the generated intrapulmonary negative pressure also represents the ITP decrease. The measurement device for the intrapulmonary pressure is an aneroid sphygmomanometer (Model XB-11 aneroid sphygmomanometer, Shanghai Medical Equipment Factory, Shanghai, China.) which is originally used for blood pressure measurement. We just used the manometer part and connected it with a mask and a pulse transducer which was used to display the action of the Muller maneuver.

Before a new aneroid manometer was used, it was calibrated routinely to avoid errors of pressure measurements. The method of the calibration is described in [Supplementary Figure S1](#S1){ref-type="supplementary-material"}. The finger of the manometer was set at 100 mmHg before a measurement. During the Muller maneuver, the ITP decreased, applying a negative pressure to the manometer, so the finger would move counterclockwise from the 100 mmHg. The change of pressure from the manometer was recorded as ITP decrase.

### Invasive measurements

A pulmonary artery catheter was used in the catheterization lab to measure the related hemodynamic data in those subjects who underwent invasive pressure measurement. A Philips M1567A single channel monitoring kit and transducer (Philips, Böblingen, Germany) was used for pressure measurements. The measurement with the PVPO was carried out right before the catheterization at the catheterization lab. They were not done simultaneously, but consecutively at the same bed without the patients' moving.

### Echocardiography

A Siemens Acuson Sequoia 512 ultrasonographic system (Mountain View, CA, USA) with 3V2c transducer (frequency = 2.5 to 4.0 MHz), and harmonic imaging was used for echocardiographic data collection. A thermo-sensitive transducer was used to record the natural respiration curve and a pulse transducer was refit to display the action of the Muller maneuver on the ultrasound instrument. The pulse transducer is originally a part of the ultrasound system used to measure pulse signal. It is used in this study to mark the start of Muller maneuver. A pressure change in the mask with the maneuver would be detected by the transducer and recorded as a deflection in the corresponding flat baseline.

For comparison of the new method with the PR method, the measurements with the new method were done right after the PR method at the echo lab. They were not done simultaneously, but consecutively at the same bed without the patients' moving.

Observations and measurements
-----------------------------

### Observation of natural PVPO

During natural respiration, the forward pulsed wave Doppler waveform of PV was recorded with the Acuson Sequoia 512 ultrasonographic system in all subjects. Attention was paid to natural PVPO, which occurs during spontaneous respiration.

### End-diastolic PVPG measurements

PVPG was measured using the following three methods at end-inspiration:

#### PVPO method

This newly introduced noninvasive method was applied in each of the 102 subjects. Gradual Muller maneuvers were performed at end-expiration, with the inspiratory effort generated against a mask to prevent closure of the glottis, and ensuring the continuity of the manometer with the respiratory tract. The manometer was placed on one side of patient's chest. It was noted that negative pressure may be generated in the mouth and produce a misleading pressure reading via sucking rather than inhaling. Subjects were instructed in the proper performance of the maneuver to avoid this problem.

At the beginning of a gradual Muller maneuver, additional negative pressure by the subject affects the thorax progressively, and the consequent reduction in ITP may be watched directly from the manometer. The rate of the pressure decrease can be controlled by the examinee, so the Muller maneuver was quantitatively controllable. At the same time, a pulsed wave Doppler echocardiographic technique was used to observe the PVPO by detecting the forward blood flow signal across the PV in diastole. The sample volume was placed above the PV orifice, and the blood flow velocity curve was continuously recorded. With the appearance of diastolic forward flow in the velocity profile, the examinee was instructed to remember the pressure reading at that moment from the manometer. The subject was asked to practice the Muller maneuver several times, and the data collection began once the pressure readings were consistently within 15% of one another. Three successive measurements were averaged and recorded as the PVPG obtained by the PVPO method. The subjects relaxed for at least 15 seconds between each maneuver.

#### Catheterization method

A conventional cardiac catheterization method was performed by means of pulmonary artery catheter in the catheterization lab immediately following the PVPO method. The invasive PVPG was acquired by subtracting the measured end-diastolic right ventricle pressure from the end-diastolic pulmonary artery pressure.

#### PR method

Continuous-wave Doppler echocardiography was employed to estimate the end-diastolic PVPG from the PR flow velocity tracing by means of the simplified Bernoulli equation: PVPG = 4V^2^, where V is the end-diastolic peak flow velocity of the PR jet. All data were measured three times and averaged for subsequent analyses.

Statistical analysis
--------------------

The agreement and correlation between the PVPO method and Catheterization method, and between the PVPO method and PR method, were assessed with Bland-Altman analysis, simple correlation and Lin concordance correlation coefficient. Inter- and intra-observer variability were performed in 13 subjects using the intra-class correlation coefficient and Bland-Altman analysis. The absolute difference between repeated measurements was reported.

Results
=======

PVPO
----

Fourteen of the 43 subjects in the Catheterization method group (32%) and 20 of the 59 subjects in the PR method group (34%) had natural PVPO. All subjects demonstrated a PVPO in diastole with the Muller maneuver, across a variety of pressures. [Figure 2](#f2){ref-type="fig"} illustrated representiative results. [Figure 2A](#f2){ref-type="fig"} showed the Doppler flow velocity curve of a representative subject from the PR method group with mild but adequate PR for PVPG measurement, and is also one of the 20 subjects who had natural PVPO. The effects of respiration on the PR velocity and the PVPO are clearly demonstrated. Note that the greatest PR velocity occurred at end-expiration. An intrathoracic negative pressure increase of 4 mmHg (from end-expiration) due to spontaneous inspiration might cancel the original PVPG of 4 mmHg, halt the PR of 1 m/sec and generate a very light, but discernable forward pulmonary arterial flow. The PVPG of this subject measured with the PVPO method was 5 mmHg, which was 1 mmHg different from the result using the Catheterization method. However, notice that the PVPO flow in [Fig. 2A](#f2){ref-type="fig"} only appeared at early-diastole (at an ITP of −4 mmHg during a natural respiration), and to demonstrate it consistently at end-diastole, a more negative pressure (at least 1 mmHg) would likely be needed using the Muller maneuver. Note exaggerated inspiratory effort could lead to erroneous measurement of PVPG during the Muller maneuver ([Fig. 2B](#f2){ref-type="fig"} lower panel).

Agreement and Correlation
-------------------------

The mean values of PVPG were 13.2 mmHg in PVPO method and 11.5 mmHg in Catheterization method. Bland-Altman analysis showed that the mean difference in PVPG between PVPO + Catheterization methods was 1.7 mmHg and the range of the limits of agreement (LOA) was from −3.1 to 6.5 mmHg. There was excellent correlation between the PVPO and Catheterization amethods with a correlation coefficient (r) of 0.95 and Lin coefficient of 0.91 (95% CI 0.86--0.95).

The same analyses were done with the PVPO + PR method group. The mean values of PVPG were 9.4 mmHg in PVPO method and 7.2 mmHg in PR method, respectively. There were also good agreement and correlation between PVPO methods and PR methods ([Fig. 3B](#f3){ref-type="fig"},D). Bland-Altman analysis showed that the mean difference between the two methods was 2.2 mmHg and the range of LOA was from −4.9 to 9.3 mmHg. Statistical analyses revealed a correlation coefficient (r) of 0.90 and Lin coefficient of 0.70 (95% CI 0.61--0.77).

As shown in [Fig. 3B](#f3){ref-type="fig"}, compared with the invasive method, the PVPO measures were prone to overestimate in subjects with higher PVPG. Thus, we performed a stratified analysis of agreement using 12 mmHg by invasive measurement as the cut-off. In both subgroups, PVPO measures overestimated the pressure gradient, which was more evident in the higher one. There was significant difference of the PVPG errors between subgroups (Low pressure gradient group vs. High pressure gradient group, 1.0 mmHg vs. 3.1 mmHg, P = 0.004).

Intra- and inter-observer variability
-------------------------------------

Linear regression analysis showed excellent correlation and Bland-Altman analysis showed very good agreement between measurements taken by the same observer ([Fig. 4A](#f4){ref-type="fig"},C) and by two independent observers ([Fig. 4B](#f4){ref-type="fig"},D) for the PVPG measurements by the PVPO method. The intra-class correlation coefficients of intra-observer variability and inter-observer variability were 0.98 (95% CI, 0.96--0.99) and 0.93 (95% CI, 0.79--0.98), respectively. The absolute difference between repeated measurements was 0.31 ± 0.75 mmHg and 0.31 ± 1.80 mmHg for the same observer and for two independent observers.

Discussion
==========

Doppler echocardiography, with its high spatial and superb temporal resolution, has revolutionized our clinical access to noninvasive assessment of cardiac physiology and pathophysiology[@b24]. In the present study, PVPO was elicited with the Muller maneuver and PVPG was acquired. PVPG measured by this new technique, the PVPO method, showed very good agreement with that measured by invasive right heart catheterization and the Doppler-derived PR method. This technique is simple, noninvasive and provides a quantitative tool to assess intracardiac hemodynamics beyond the modified Bernoulli equation. More importantly, it is a useful tool in the many patients who lack PR, or a suitable PR waveform for analysis of PVPG[@b4][@b12].

There are several reports concerning noninvasive pulmonary artery diastolic pressure measurement by tricuspid regurgitation[@b25][@b26]. In the study of Lanzarini *et al*.[@b25], they measured the systolic pressure gradient across the tricuspid valve as the pulmonary arterial diastolic pressure at the time of opening of the PV based on the assumption that the pulmonary arterial systolic pressure equalled pulmonary arterial diastolic pressure at that moment. Theoretically, that pressure gradient should be added with the estimated right atrial pressure, while numerically the pressure gradient itself was proven to correlate very well with the invasive pulmonary arterial diastolic pressure. Our result showed similar good correlation between intracardiac measurement and echocardiographic analysis as theirs, but better LOA (−3.1 \~ 6.5 mmHg, vs. −16 \~ 16 mmHg). Their wide range of LOA might attribute to the steep slope of the initial part of tricuspid regurgitation as stated in their critical reference that "The slope of the initial portion of the tricuspid regurgitant jet is relatively steep at the time of pulmonary valve opening...small errors can significantly alter the estimated gradient..."[@b26]. Our reduction of 10 mmHg random error in comparison with their method can be of important clinical significance.

Note that about 1/3 of the subjects had natural PVPO in diastole. Normally, the ITP variation over the respiratory cycle is about −4 mmHg (from end-expiration to end-inspiration). Based on the catheterization data, the normal right ventricular end-diastolic pressure is 4 mmHg and the pulmonary arterial diastolic pressure is 9 mmHg[@b27], therefore, PVPG in normal subjects should be 9--4 = 5 mmHg. When the −4 mmHg respiratory ITP variation (average of −2 mmHg both on inspiration and expiration) is superimposed on the pulmonary arterial diastolic pressure, the PVPG varies approximately from 3 \[5 + (−2)\] to 7 \[5-(−2)\] mmHg with normal ITP variation generated by normal respiration. These pressure data suggest that PV should normally be closed but may open naturally during inspiration as seen in this study in some normal subjects with lower left ventricular diastolic pressure. The clinical meaning of the natural PVPO with natural respiration is that the PVPGs of these subjects are very small, or that the end-diastolic pressures of the left and right ventricles are very close and that if elevated right ventricular end-diastolic pressure can be excluded, the left ventricular end-diastolic pressure elevation and elevated pulmonary vascular resistance may also be excluded. About 1/3 of the subjects in this study had natural PVPO in diastole and we did not find evidence for their right ventricular end-diastolic elevation.

The major impact of the PVPG measurement is its role in noninvasively estimating the pulmonary artery diastolic pressure. By adding the noninvasively estimated right ventricular end-diastolic pressure to the end-diastolic PVPG, the pulmonary artery diastolic pressure may be calculated. The right ventricular end-diastolic pressure equals the right atrial diastolic pressure[@b21], which can be obtained from the central venous pressure measurement by neck ultrasound[@b28]. Thus, the noninvasive PVPO method may be clinically useful as a routine assessment of pulmonary artery diastolic pressure.

It should be pointed out that there are several limitations in this study. First, PVPG may be overestimated if the ITP decrease generated by Muller maneuver is too large. To avoid this potential problem in this study, the Muller maneuver was quantitatively controlled in two ways. On one hand, the Muller maneuver was conducted slowly so that the pressure changed gradually. On the other hand, earliest onset of forward flow was detected with a highly sensitive technique - pulsed wave Doppler echocardiography. Nevertheless, the overestimation of PVPG still became more evident in the high pressure gradient subgroup. Although the mean bias of 3.1 mmHg in the high PVPG subgroup is clinically acceptable, the potential larger overestimation for subjects with higher pulmonary artery diastolic pressures, which are usually the cases in clinical practice referred for hemodynamic assessments, should be taken into consideration. Second, although we didn't find adverse hemodynamic events when patients performed the Muller maneuver in our study cohort, we cannot rule out the possibility that the Muller maneuver may cause hemodynamic compromise for some patients in severe respiratory and unstable cardiac conditions. Meanwhile, this method is inapplicable to those who cannot perform adequate Muller maneuver. Last, our sample size is relatively small, so the generalizability needs further verification.

Conclusions
===========

This study provides a new noninvasive method of PVPG measurement using the PVPO method, which provides new insights into cardiac physiology, as well as a further understanding of the mechanism of respiration-driven hemodynamics.
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![The mechanism of pulmonary valve diastolic opening (revised from ref. [@b20]).\
Hydromechanically, the circulatory system may be considered as two enclosed fluid systems: fully-intrathoracic and partially-intrathoracic (the dark and the white portions, respectively). They are characteristically arranged in a closed chamber - the chest cavity - with negative pressure. With a gradual Muller maneuver or inspiration (see the bottom panel of [Fig. 3A](#f3){ref-type="fig"}), the pressure in the fully-intrathoracic portion decreases equally with the decrease in intrathoracic pressure (ITP) (top panel), while the pressure decrease in the right ventricle (RV) will be mostly compensated for by the systemic venous return (SVR). With the progression of the maneuver, the pressure decrease in the pulmonary artery (PA) may drop below the pressure in the RV, and the pulmonary valve may open in diastole with a small diastolic forward flow (the bottom panel). This flow may be detected by a sensitive technique such as Doppler echocardiography. PVR, pulmonary venous return; LV, left ventricle; LA and RA, left and right atria; AO, aorta.](srep42745-f1){#f1}

![(**A**) Effects of respiration on the pulmonary regurgitation jet velocity and the pulmonary valve diastolic opening. The top panel shows a 2D echocardiogram in the parasternal short-axis view at the aortic valve level from a subject in the pulmonary regurgitation (PR) method group. The middle panel depicts the Doppler flow velocity curve (DFVC) of this healthy subject with mild PR. The Doppler flow velocity curve of the middle panel was recorded at end-expiration during breath holding. The peak PR velocity was slightly less than 1 m/sec, indicating that the pressure difference across pulmonary valve (PVPG) is close to 4 mmHg based on the modified Bernoulli equation. Note that the respiration curve is flat during the breath hold (RESP). The bottom panel showed that with the onset of inspiration (insp), the PR velocity decreased sharply and became erratic at the pulmonary valve orifice (red arrow, flow signals above and below the baseline). Subsequently, at end-inspiration, pulmonary arterial pressure was equal to or less than that in the right ventricle, and a discernable forward pulmonary arterial flow was detected (green arrow, PR nearly absent), indicating natural pulmonary valve diastolic opening. The PR velocity gradually increased with expiration (exp) and the waveform nearly normalized by end-expiration (arrowhead). (**B**) Exaggerated inspiratory effort leads to erroneous measurement of PVPG during the Muller maneuver. The top panel shows the same view as that in A, but from a subject in the Catheterization group. The middle panel shows the DFVC with the onset of a premature flow signal (arrow) at end-diastole during gradual Muller maneuver, indicating that at 10 mmHg of negative pressure, the pressure in the pulmonary artery is just below that of the right ventricle, the pulmonary valve opens prematurely, and forward flow occurs. The bottom panel demonstrates that with an exaggerated Muller maneuver, the premature flow was more prominent and was of greater velocity (green arrow) at 12 mmHg of negative pressure, resulting in an overestimation of PVPG.](srep42745-f2){#f2}

![Correlation and agreement of measurements of pulmonary valve pressure gradient (PVPG) between pulmonary valve premature opening (PVPO) and Catheterization methods and between PVPO and pulmonary regurgitation (PR) methods.](srep42745-f3){#f3}

![Intra- and inter-observer variability for pulmonary valve pressure difference (PVPG) measurements by the pulmonary valve premature opening method.\
Linear regression analysis showed excellent correlation and Bland-Altman analysis showed very good agreement between measurements taken by the same observer (**A**,**C**) and by two independent observers (**B**,**D**).](srep42745-f4){#f4}

###### Baseline characteristics.

  Variable                                                Value
  --------------------------------------------------- --------------
  Age, y                                                 39 ± 11
  Sex, n, Male/Female                                     50/52
  Weight, kg                                            63.1 ± 8.4
  Height, cm                                           165.2 ± 6.6
  BMI, kg/m^2^                                          23.1 ± 3.4
  Systolic blood pressure, mmHg                        122.8 ± 10.8
  Diastolic blood pressure, mmHg                        77.3 ± 7.5
  Pulmonary artery systolic blood pressure\*, mmHg      28.9 ± 7.7
  Pulmonary artery diastolic blood pressure\*, mmHg    13.1 ± 5.2 
  *Clinical conditions*                               
   Coronary heart disease, n                                14
   Idiopathic dilated cardiomyopathy, n                     6
   Hypertrophic cardiomyopathy, n                           3
   Primary hypertension, n                                  8
   Suspected cardiac and vascular conditions, n             7
   Healthy, n                                               64
  *Comorbidities*                                     
   Pulmonary hypertension, n                                9
   Heart failure, n                                         8
   Chronic obstructive pulmonary disease, n                 4

Data are given as mean ± SD unless otherwise mentioned. BMI indicates body mass index.

\*Data from 43 subjects with invasive catheterization measurements.
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